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1. ABSTRACT ' / ,< r

There is increasing evidence that the formation of Cs(ZrxIyC) compounds is the chemical step
involved in preventing stress corrosion cracking (SCC) of fuel cladding. Mass spectrometry
results suggest that Cs(ZrxIyC) compounds are not the SCC agents, because the vapour
pressure of iodine over these compounds is very low, even at 320°C. In this work, results are
reported on the effects of CO2 and CANLUB on the SCC of Zircaloy. All metallurgically
susceptible specimens exposed to an adequate stress in a corrosive environment cracked,
except for those tested in the presence of Z r ^ C and those exposed in the presence of both
CO2 and gamma irradiation. These results suggest that Z^I^C-type compounds are not SCC
agents, and the SCC susceptibility of Zircaloy will probably decrease in the presence of both
CO2 and gamma irradiation.

2. INTRODUCTION

CANDU fuel elements can fail by stress corrosion cracking (SCC) of the Zircaloy-4 cladding
during, or following, power ramps. Such failures result from the combined actions of stress
concentrations and corrosive fission products. To combat the problem, the CANLUB graphite
coating was developed to reduce the operating stress in the cladding below the critical level
for SCC. However, it became evident that the observed beneficial effects of CANLUB
coatings on fuel performance stemmed primarily from the interaction of the coating with
fission products, rather than from lubrication of the fuel-cladding interface (1). Therefore the
coating must interact with corrosive species, either physically (as a barrier) or chemically. It
was concluded, however, that the graphite coating is porous and ineffective as a barrier (2).
Hence its effectiveness in preventing SCC must result from chemical interaction with the
corrosive species.

A review in 1988/89 showed several mechanisms by which CANLUB could trap iodine, and
indicated a possible mechanism for chemical attack of the cladding and of its protective oxide
layer (2). Work during 1989 showed that carbon could form compounds such as ZrJ^C at



reactor temperatures and it was argued that these compounds could immobilize corrosive
iodine species such as I2 and Zrl4 (3). Detecting ZrxIyC-type compounds in spent fuel bundles
proved to be very difficult. However in 1990, X-ray photoelectron spectroscopy (XPS)
showed that minute quantities of metal iodide(s), probably Cs(Zr-I-C) type compounds, were
present on the inter-pellet graphite discs from a spent fuel element. The stability of ZrJ^C to
a neutron fluence of 1.4 x 1018n.cm'2 was also demonstrated (4). The work described in this
paper clarifies the role of ZrxIyC compounds in preventing SCC of Zircaloy fuel cladding.

3. EXPERIMENTAL

3.1 Vapour Pressure of Iodine Above Cluster Compounds

A vacuum rig equipped with a VG SQ200 mass spectrometer, operated at ~10'8 torr, was used
to measure the (non-equilibrium) vapour pressure of iodine above the cluster compounds and
I2from-25oCto325°C

Highly-purified ZrJ^C and Cs(Zr6I12C)I2 were synthesized using reactor-grade Zircaloy-4,
DAG-154 (from Acheson Colloids) and reagent-grade Zrl4 and Csl powders (from Alfa
Chemicals) at 700°C for IS days. Temperature was measured with thermocouples strapped to
the outside of the quartz tubing. Both the Zrl4 and Csl were used in the as-received
condition, while the DAG-154 was passed through Zircaloy-4 tubing and then cured at 320°C
for two hours in vacuum (~10~3 torr) and cooled overnight in vacuum. These procedures were
used to minimize the amount of moisture, organic solvents and entrapped gases in the
graphite coating. All reactions were carried out in Zircaloy-4 tubes sealed by TIG (Tungsten
Inert Gas) welding in argon. Finally, the welded containers were placed in sealed quartz
tubes under vacuum to protect them from attack by the ambient atmosphere at high
temperature. After the reactions, the compounds were characterized by X-ray diffraction.

3.2 SCC Tests of Zircaloy-4 Cladding

As a fuel element experiences a power ramp, its cladding will encounter an increased hoop
stress and will be attacked by the released fission products. Out-reactor experiments have
shown that iodine, an abundant fission product, could make Zircaloy susceptible to SCC
similar to that observed in failed fuel elements (5).

SCC tests were performed on rings cut from Zircaloy-4 cladding, both uncoated and
CANLUB coated, in the presence of various iodine species (such as I2, Csl, Zrl4 and ZrJ^C),
at a concentration of -0.02 gl of the active agent per cm2 of Zircaloy surface. The rings were
split longitudinally and loaded to a stress of -300 MPa at 320°C, either in evacuated capsules
(10"6 torr) or in capsules partially filled with CO2 (10'2 torr), then exposed with and without
gamma irradiation, for 24 hours. The test matrix is listed in Table 1. The low-nickel
Zircaloy-4 fuel sheathing was selected from a batch (MLI-790) known to be very susceptible



to iodine-induced SCC. This susceptibility results from a strong crystallographic texture such
that the basal poles are preferentially aligned in the transverse direction. The experimental
technique used here is described elsewhere (6,7).

Table 1: Variables Used in the SCC Test
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CANLUB
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X2

C

VAC

N

co2

g/N
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VAC

N
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C«I

c

VAC

N
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g/N

NO C
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N
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g/N

Zrl4

C

VAC

N

co2

g/N

NO C

VAC

N

co2

g/N

Zr6I12C

C

VAC

N

co2

g/N

NO C

VAC

N

co2

g/N

C = CANLUB Coated
VAC = Encapsulated in Vacuum

g = Gamma Irradiated
N = Not Gamma Irradiated

3. RESULTS AND DISCUSSION

Vapour Pressure of Iodine above Cluster Compounds3.1

The vapour pressure of iodine above the cluster compounds (ZrJjjC and ^
measured by a mass spectrometer at -10"* Torr, was very different from that of I2, as shown
in Figure 1. Iodine (as Ij) evaporated very quickly in vacuum even below room temperature
(-25°C), but the compounds remained very stable; i.e., no major increase in mass 127 peak
height occurred while the temperature was changed from -25 to 325°C. This further supports
the hypothesis that Cs(ZrxIyC) compounds are not an intermediate product from a reaction
chain, because they are relatively stable when compared with I2 or Zrlx. Therefore, the
formation of such compounds should inhibit the SCC process, because the compounds are
binding the corrosive reactants (such as Zrl4 and Csl) in a relatively inert form. Zirconium
iodides are known to produce rapid SCC of Zircaloy. Without the formation of the stable
Cs(ZrxIyC) compound, Zrl4 will be reduced by excess metal to Zrl3 and Zrl2, and SCC
becomes possible. The following chemical equations summarize the formation of Cs(ZrxIyC)
from Zr, Zrl4, Csl and CANLUB:

3Zr + 3ZrI4 + C -»

5Zr + 7ZrI4 + 2C -> 2Zr6I14C

HZr + 13ZrI4 + 4C + 4CsI
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Figure 1: The measured (non-equilibrium) iodine vapour pressure by mass spectrometer, for
I2, Zr6I12C and CsZrJMC, while changing the temperature.



3.2 SCC Tests

A total of 48 stressed Zircaloy rings were SCC tested, and 16 of the 48 specimens were tested
in a gammacell. Sections containing a fracture surface were examined by SEM. On all
surfaces examined, the fracture pattern was similar to those observed elsewhere (6); i.e., a
mixture of transgranular fluting and intergranular cracking (Figure 2).

All metallurgically-susceptible specimens exposed to the above stress condition in a corrosive
environment cracked, except for those tested in Z r ^ C and those exposed in the presence of
both CO2 and gamma irradiation. These are important findings to clarify that the ZrJ^C-type
compounds are not SCC agents. The vapour pressure of iodine over Z T J ^ C is very low even
at 320°C; thus iodine is stabilized as Zrj12C and is not involved in the SCC process. Further,
since ZrO2 is known to be a good catalyst for hydrocarbon formation in the presence of
CO2 + Hj/H2O + gamma irradiation (Figure 3), the presence of these hydrocarbons appears to
aid the formation of Zr^I^C-type compounds; thus it protects the cladding by consuming the
active species.

These, and previous, results also suggest that the active ingredient in the CANLUB coating is
likely to be the "organic carbon" left after standard curing, because:

a) calculations suggest that more than enough C atoms should be available in a standard
CANLUB graphite layer (6 urn) to react with all the fission-product iodine produced (8),
even though SCC is still occurring, partially because most of the C atoms are non-
volatile; and

b) the power ramp performance of the fuel improved with a lower CANLUB curing
temperature (9) or a thicker coating (10-11), because the number of volatile C atoms
increased in both cases.

4. CONCLUSIONS

To elucidate the effects of the Cs(ZrxIyC) compounds we have carried out two types of
experiments:

a) We have shown that the vapour pressure of iodine above the compounds (Zr6I12C and
Cs(Zr6I,2C)I2), measured by a mass spectrometer, is very different from that of I2. Thus a
ZrJuC-type compound does not promote SCC, because the vapour pressure of iodine
over Zrgl^C is very low even at 320°C.

b) We have demonstrated that Zr6It2C compounds are not SCC-causative agents, and the
SCC susceptibility of Zircaloy will probably decrease in the presence of both CO2 and
gamma irradiation.



Figure 2: Crack propagation on all failed rings was by a mixture of intergranular cracking and
transgranuar fluting.



Region 1 CIS

Mg XPS Analyser Energy - 20 eV Max Plotted Count Rate - 463S
Step Size * 0.05 eV. 200 Scans of 400 channels at 10 ms per chan

a-—coa
b.-~

-C-F

74.00 276.50 279.00 281.50 284.00 284.50 289.00
Binding Energy (eV)

291.30 294.00 296.50 299.00

Figure 3: XPS Cls spectra of the prefilmed oxides grown on Zircaloy-4 after exposed to a)
CO2 and b) CO2 with gamma irradiation.
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